Rosellinia necatrix megabirnavirus 1 (RnMBV1) with a bipartite dsRNA genome (dsRNA1 and dsRNA2) confers hypovirulence to its natural host, the white root rot fungus, and is thus regarded as a potential virocontrol (biocontrol) agent. Each segment has two large ORFs: ORF1 and partially overlapping ORF2 on dsRNA1 encode the major capsid protein (CP) and RNAdependent RNA polymerase (RdRp), whilst ORF3 and ORF4 on dsRNA2 encode polypeptides with unknown functions. Here, we report the biological and molecular characterization of this virus in the chestnut blight fungus, Cryphonectria parasitica, a filamentous fungus that has been used as a model for mycovirus research. Transfection with purified RnMBV1 particles into an RNAsilencing-defective strain (Ddcl-2) of C. parasitica and subsequent anastomosis with the WT strain (EP155) resulted in stable persistent infection in both host strains. However, accumulation levels in the two strains were different, being~20-fold higher in Ddcl-2 than in EP155. Intriguingly, whilst RnMBV1 reduced both virulence and growth rate in Ddcl-2, it attenuated virulence without affecting significantly other traits in EP155. Western blot analysis using antiserum against recombinant proteins encoded by either ORF1 or ORF2 demonstrated the presence of a 250 kDa protein in purified virion preparations, suggesting that RdRp is expressed as a CP fusion product via a "1 frameshift. Antiserum against the ORF3-encoded protein allowed the detection of 150, 30 and 23 kDa polypeptides specifically in RnMBV1-infected mycelia. Some properties of an RnMBV1 mutant with genome rearrangements, which occurred after transfection of Ddcl-2 and EP155, were also presented. This study provides an additional example of C. parasitica serving as a versatile, heterologous fungus for exploring virus-host interactions and virus gene expression strategies.
INTRODUCTION
Rosellinia necatrix megabirnavirus 1 (RnMBV1) is a member of the family Megabirnaviridae. A strain of RnMBV1 (RnMBV1-W779) was originally isolated from a field fungal isolate (W779) of the white root rot fungus , which is an important soil-borne phytopathogen. Molecular characterization revealed that two 9.0 and 7.2 kbp RnMBV1 dsRNA genome segments termed dsRNA1 and dsRNA2, respectively, are encapsidated in icosahedral particles 50 nm in diameter (Chiba et al., 2009) . Each segment possesses an extremely long 59 untranslated region (UTR) of~1.6 kbp, two ORFs (ORF1 and ORF2 on dsRNA1, and ORF3 and ORF4 on dsRNA2) and a relatively short 39 UTR (Fig. 1) . The 59 UTRs of the two segments show high levels of overall sequence identity (70 %) with highly conserved sequence stretches, whilst the remaining sequences are unrelated except for the 39terminal conserved octamer sequence 59-UUUUUCGC-39. ORF1 encodes the major 135 kDa capsid protein (CP). ORF2, overlapping ORF1 in its 59-terminal portion, encodes an RNA-dependent RNA polymerase (RdRp) domain (Chiba et al., 2009) . The long 59 UTR is believed to be involved in non-canonical translation such as that mediated by the internal ribosome entry site. dsRNA1 has ORF2 on the 21 frame with regard to ORF1 and a heptamer slippery sequence (59-AAAAAAC-39). A potential stem-loop/pseudo-knot structure was found immediately upstream and downstream of the CP frame stop codon. These sequence features are similar to those found near the consensus slippery sequence of viral mRNAs translated via 21 frameshift mechanisms (Dinman & Wickner , 1992; Dinman et al., 1991; Li et al., 2001) . Therefore, Chiba et al. (2009) assumed that ORF2 is expressed via 21 ribosomal frameshifting from full-length transcripts of dsRNA1. ORF3 and ORF4 are situated in tandem on dsRNA2, and would encode proteins with no significant sequence similarity to any known protein sequences. However, little is known about whether the RnMBV1 ORFs, except for ORF1, are expressed in infected mycelia.
RnMBV1 causes severe reduction of both mycelial growth of R. necatrix in synthetic media and fungal virulence to plant hosts, irrespective of strain (Chiba et al., 2009 ). This has been corroborated using a transfection protocol originally devised for a mycoreovirus . The virus is also transmissible horizontally between mycelially compatible fungal strains, leading to conversion of a virulent to a hypovirulent strain (Yaegashi et al., 2011) . Based on these properties of the virus and the availability of its artificial method of introduction, RnMBV1 is considered to be a candidate virocontrol (biological control using viruses) agent with strong potential for controlling white root rot (Kondo et al., 2013) . These background circumstances allowed us to address whether RnMBV1 can infect other phytopathogenic fungi and confer hypovirulence to them, as has been tested for other viruses (Chen et al., 1996; Kanematsu et al., 2010; Sasaki et al., 2002) .
The chestnut blight fungus, Cryphonectria parasitica, has attracted a great deal of attention not only as a destructive plant pathogen but also as a model filamentous ascomycete for studies of virus-virus and virus-host interactions. The latter point is based on the availability of its host genome sequence, a number of mutant strains, protocols for multiple transformation, transfection and reporter assays, and its phenotypic stability under laboratory conditions (Dawe & Nuss, 2013; Nuss, 2005; Sun et al., 2006) . The fungus is a natural host to many different viruses and has contributed to various facets of fungal virology research. Host factors associated with virus replication and/or symptom expression have been isolated using different methods and characterized (Faruk et al., 2008; Segers et al., 2007; Sun et al., 2009a, b) . Interestingly, C. parasitica also supports replication of heterologous viruses from Xylariales, an order of white root rot fungus taxonomically different from the order Diaporthales, including C. parasitica (Kanematsu et al., 2010) . This fungus operates RNA silencing against these viruses (Chiba et al., 2013a, b) .
In the present study, we carried out biological and molecular characterization of RnMBV1 using the WT and a mutant strain (defective in antiviral defence) of chestnut blight fungus. This study represents an additional example of the usefulness of C. parasitica for exploring the pathogenesis and gene expression strategy of a heterologous virus.
RESULTS

Infectivity of RnMBV1 to chestnut blight fungus
First, an RNA-silencing-defective strain, Ddcl-2, of C. parasitica was used as a host strain in a transfection assay with purified particles of RnMBV1, since the advantage of this strain for initial viral introduction has been noted previously (Chiba et al., 2013b) . Transfection of Ddcl-2 spheroplasts resulted in establishment of infection. Of 25 regenerated subcultures, 24 were confirmed to be infected with the virus by agarose gel electrophoresis as shown in Fig. 2a (lanes 1, 4, 5, 9 and 10) . Transfectants 4, 9 and 10 carried RnMBV1 genomic dsRNA showing the same migration positions as those in the original R. necatrix strain W779 (Fig. 2a , lane RnMBV1). The sequence integrity of the viral genome of transfectant 10 was confirmed by Northern blotting using segment-specific and -common probes ( Fig. S1 , available in the online Supplementary Material) and sequencing (data not shown). It is noteworthy that two transfectants harboured genome rearrangements ( Fig. 2a , lanes 1 and 5). RnMBV1 rearrangements have been reported to occur after virion transfection of its natural host, R. necatrix (Kanematsu et al., 2014) . Northern blotting showed that the apparently single dsRNA band ( Fig. 2a ) comprised normal dsRNA1 and much smaller amounts of dsRNA2-derived molecules ( Fig. S1, probe 3) . The rearranged segments found in C. parasitica were larger in size than those in R. necatrix. We failed to separate the two segments in agarose or polyacrylamide gel and to amplify reverse transcriptase (RT)-PCR fragments using various pairs of dsRNA2-specific primers despite repeated attempts. Only primer pairs specific for the 39-half ( Fig. 1 ) gave RT-PCR fragments exceptionally. Therefore, sequence determination of the rearranged segment was unsuccessful. We analysed mainly the fungal strain infected with a regular RnMBV1 genome composition (transfectant 10, Ddcl-2/ RnMBV1), whilst transfectant 1 carrying rearranged genome Genetic organization of the RnMBV1 genome. RnMBV1 dsRNA1 and dsRNA2 are 8931 and 7189 bp in length, each having two ORFs. ORF1 and ORF2 on dsRNA1 encode the CP and RdRp domains, whilst ORF3 and ORF4 on dsRNA2 encode polypeptides with unknown functions. Positions of the start and stop codons are shown above each ORF. Grey and black bars denote regions used as antigens and cDNA probes (see Figs 5, 6, S1 and S4), respectively. The potential slippery sequence that would facilitate "1 frameshifting on dsRNA1 is also shown.
segments (RnMBV1-RL2) was used in some of the biological assays. RL2 refers to rearranged large segments derived from dsRNA2.
Transfection of the WT strain EP155 with virions was also successful, but all the resulting transfectants harboured RnMBV1 genome rearrangements (data not shown). Therefore, in order to examine whether WT RnMBV1 was able to infect the WT fungal strain, it was transferred to EP155 via anastomosis with Ddcl-2/RnMBV1 as a virus donor ( Fig. 2b ). Co-culture of Ddcl-2/RnMBV1 (transfectant 10) (donor) and EP155 (recipient) resulted in efficient horizontal transfer of the virus to EP155, as assessed by the presence of viral genomic dsRNA ( Fig. 2c , EP155 recipients). Similarly, the virus was found to move efficiently from Ddcl-2/RnMBV1 to Ddcl-2 in parallel experiments ( Fig. 2c , Ddcl-2 recipients). RnMBV1-RL2 was also transferred readily via anastomosis either from EP155 to Ddcl-2 or from Ddcl-2 to EP155 ( Fig. S2 , data not shown). Importantly, no alteration was observed in electropherotype of the genomic dsRNAs after and during maintenance of the variant virus ( Fig. S2 ).
Phenotypic changes caused by RnMBV1 infection in C. parasitica
Phenotypes of four fungal strains, i.e. WT and RNAsilencing-defective strains (EP155 and Ddcl-2) either virus free or virus infected, were compared under the same conditions. Measurable, albeit not drastic, effects of RnMBV1 infection on the colony morphology of EP155 were observed when cultured on potato dextrose agar (PDA) ( Fig. 3a) . A slight reduction of growth rate and an increase of pigmentation were detected (Fig. 3a ). The effect of virus infection was pronounced on nutrient-limited (Vogel's) medium ( Fig. S3a ). In contrast, RnMBV1-infected Ddcl-2 showed a phenotype distinct from that of virusfree Ddcl-2 on PDA and Vogel's medium, which was characterized by an irregular margin with less dense mycelia, a reduced growth rate and enhanced pigmentation (Figs 3a, S3a).
RnMBV1 infection led to a significant decrease of fungal virulence. The above four strains were inoculated into apples and their virulence was evaluated by measuring the resulting lesion areas. Hypovirulence was conferred similarly to both EP155 and Ddcl-2 upon infection with RnMBV1 (lesion area for virus-free EP155 was 42.63 vs 16.14 cm 2 for EP155/RnMBV1; that for Ddcl-2 was 38.85 vs 13.42 cm 2 for Ddcl-2/RnMBV1) (Fig. 3b , c).
We also examined the effect of virus infection on fungal sporulation, which cannot be assessed in the original host fungus because it rarely produces spores under laboratory conditions (Nakamura et al., 2002) . Conidiation levels were not altered significantly by RnMBV1 infection and all of the four fungal strains produced a similar number of conidia ( conidiation or virulence between the C. parasitica strains infected with RnMBV1 and RnMBV1-RL2. However, RnMBV1-RL2 caused apparently a greater and a smaller increase of pigmentation in EP155 and Ddcl-2, respectively, than WT RnMBV1 (compare Figs 3a and 4a).
Taken together, we concluded that RnMBV1 is able to infect both the WT and RNA-silencing-defective strains of the experimental host, C. parasitica, and induce phenotypic changes and virulence attenuation in both strains.
RnMBV1 is readily transmitted horizontally, but rarely so vertically
Infection of C. parasitica by RnMBV1 provided an opportunity to address whether the virus is transmitted vertically through conidia and, if so, to determine its frequency. First,~50 germlings with the normal virus-free phenotype were confirmed to be dsRNA-free. Therefore, we tested all single conidial isolates with symptoms for the presence of RnMBV1 dsRNA and confirmed that the vertical transmission rate in Ddcl-2 was 0.48 % (11 infected/2253 tested) ( Table 2) . Since RnMBV1 infection did not induce phenotypic alterations in EP155 as distinctly as in Ddcl-2, Northern blotting and RT-PCR analyses were used to examine virus infection employing bulked RNA fractions (see Methods). The virus was transmitted vertically at 0.27 % in EP155 (two infected/ 725 tested) ( Table 2) .
In contrast to vertical transmission, RnMBV1 was found to readily move laterally in C. parasitica (Fig. 2b, c ). Even after nine rounds of subculture (~2 months after transmission), RnMBV1-infected EP155 and Ddcl-2 and their virus-free strains showed the same colony morphology as in Fig. 3(a) . Moreover, the genome rearrangement evident at initial transfection was never observed during this period, suggesting stable infection of RnMBV1 in the experimental hosts.
Considerably higher RnMBV1 accumulation levels in the RNA-silencing-defective mutant than in WT strains
In order to determine whether RnMBV1 is targeted by RNA silencing in the experimental host, C. parasitica, we compared the levels of viral RNA accumulation between EP155 and Ddcl-2. As shown in Fig. 5(a) , the accumulation levels of RnMBV1 dsRNAs in Ddcl-2 were markedly higher than those in WT EP155 fungal colonies. This higher level of RnMBV1 accumulation was confirmed by Western blotting (see below). This increase was detected in independent subcultures even after nine rounds of subculture ( Fig. 5b ) in which the same amount (wet weight) of infected mycelia was used for agarose gel electrophoretic analyses. In addition, Northern blot analysis of serial RNA dilutions from Ddcl-2/RnMBV1 revealed~20-fold higher accumulation of the virus in Ddcl-2 (Fig. 5c ). The same trend was observed for RnMBV1-RL2 (Fig. S1 ). These indicated clearly that RNA silencing targets RnMBV1 in this experimental host. It was noteworthy that RnMBV1 accumulation levels in Ddcl-2 were comparable to that in the natural host, R. necatrix, when normalized against rRNAs ( Fig. 5a ).
Predicted non-canonical translation for RnMBV1 downstream ORFs
The expression strategies for RnMBV1-encoded genes are unknown. Using peptide mass fingerprinting, Chiba et al. (2009) showed that the 135 kDa protein in purified 
EP155/ RnMBV1
Δdcl-2 (virus free) RnMBV1 preparations is encoded by ORF1. In that preparation, SDS-PAGE analysis demonstrated a faint 250 kDa band, which was assumed to be a fusion product of CP and ORF2-encoded RdRp. Although a putative slippery sequence and a stem-loop structure implicated in a 21 frameshift were detected using a bioinformatics approach, we tested the possibility of subgenomic RNAmediated expression of downstream ORFs. A ssRNA fraction of virus-infected C. parasitica Ddcl-2 was analysed by Northern blotting using cDNA probes specific for ORF2 (probe 1) and ORF4 (probe 4) ( Fig. 6a ; see Fig. 1 for the positions of cDNA probes). The detected bands were considered to be mRNAs of RnMBV1 dsRNA1 and dsRNA2. Notably, these migrated at the same positions as those of in vitro-synthesized transcripts of full-length viral cDNAs and no other smaller bands were detected. This suggested that subgenomic RNA is not involved in the expression of ORF2 or ORF4 and that genome-length mRNA would be the template for these proteins.
Expression of RdRp as a CP-RdRp fusion protein and detection of multiple protein products derived from ORF3
Antibodies against recombinant ORF1-encoded protein detected the major 135 kDa CP as well as a minor 250 kDa protein in purified virus preparations from Ddcl-2 infected by RnMBV1 (Fig. 6b, ORF1 ). Antibodies against recombinant ORF2-encoded protein produced in Escherichia coli detected the 250 kDa protein as the major protein, but not the CP, in the same virus-purified preparations as those used for detection of the CP (Fig. 6b, ORF2) . These results indicated that the RdRp domain is expressed as a CP-RdRp fusion product in infected cells and that the domain is incorporated into the virions. RnMBV1 CP was detectable readily in total protein fractions from RnMBV1infected EP155 and Ddcl-2, but not in those from virus-free EP155 (Fig. 6c ). The CP was detectable in RnMBV1infected Ddcl-2 even by Coomassie brilliant blue (CBB) staining of the SDS-PAGE gel (Fig. 6c, d, arrowheads) .
Western blotting of RnMBV1-infected mycelia with an antiserum against ORF3-encoded polypeptides demonstrated a complex detection pattern. At least three protein bands corresponding to molecular masses of 150, 30 and 23 kDa were observed specifically in RnMBV1-infected Ddcl-2, the smallest one being the major protein (Fig. 6d, ORF3 ). In addition, polypeptides of~100, 45 and 27 kDa (marked by asterisks) were readily detectable non-specifically in RnMBV1-infected Ddcl-2. Note that these three protein bands were also observed in virus-free EP155 after longer exposure of film to the blot. Although their band intensity was much lower, a similar detection profile of ORF3-derived polypeptides was obtained with EP155 mycelia infected by RnMBV1 (Fig. 6d , data not shown).
We tried unsuccessfully to detect ORF4-encoded products in R. necatrix using an antiserum against E. coli-expressed recombinant protein (data not shown). In addition, this ORF is not conserved in another megabirnavirus, RnMBV2 (A. Sasaki, unpublished data), suggesting that ORF4 is not important for the viability of megabirnaviruses.
All of these results confirmed RnMBV1 accumulation in C. parasitica and expression of all RnMBV1 ORFs, with the exception of ORF4.
DISCUSSION
In this study, we addressed whether RnMBV1 is able to replicate in and confer hypovirulence to another phytopathogenic fungus, C. parasitica. Furthermore, the virus was also characterized molecularly to clarify the protein products and how they are expressed in C. parasitica after confirming its susceptibility. These objectives were achieved using dependable, reproducible transfection 4 and 9) and analysed by agarose gel electrophoresis as above. (c) Northern blotting of serial dilutions of RnMBV1 mRNA. ssRNA fractions were prepared from RnMBV1-infected C. parasitica strains Ddcl-2 and EP155. The same amounts (2 mg) of RNA from the strains were applied to the left-and right-most lanes of 1 % denatured agarose gel, whilst the middle lanes were loaded with serial dilutions derived from RnMBV1-infected Ddcl-2, as shown at the top of the blot. A specific cDNA probe for dsRNA1 (probe 1, Fig. 1 RnMBV1-free and -infected Ddcl-2 were fractionated using 1 % denatured agarose gel. After blotting on a nylon membrane, the membrane was hybridized with cDNA probes for dsRNA1 (probe 1) and dsRNA2 (probe 4) (see Fig. 1 for the positions of the probes). Full-length transcripts synthesized by T7 RNA polymerase from full-length cDNA clones to dsRNA1 and dsRNA2 were applied in parallel. (b-d) Immunodetection of RnMBV1-coded proteins. Specific viral proteins were detected by Western blotting using antibodies against E. coli-expressed polypeptides encoded by ORF1 (b, c), ORF2 (b) and ORF3 (d). Each antiserum was prepared against a mixture of two overproduced polypeptides (see Fig. 1 for expressed regions) . Total proteins (c, d) or purified virion preparations (b) were obtained from EP155 or Ddcl-2 uninfected (-) or infected by RnMBV1 (+). The same protein fractions as those used for Western analysis were electrophoresed using SDS-PAGE and stained with CBB as loading controls (b-d). In (b), a fraction was prepared from virus-free EP155 by the same method as that for the virion fraction from RnMBV1-infected Ddcl-2. Specific proteins were detected using the ECL Plus system. The major CP of 135 kDa (marked by arrowheads) was detectable even in SDS-PAGE gel stained directly by CBB (c, d) . The protein bands indicated by asterisks in (d) refer to those detected as more intense bands in RnMBV1-infected Ddcl-2, although they were also detectable in virusfree and -infected EP155.
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On: Fri, 21 Dec 2018 17:13:07 2010), RnPV2 (Chiba et al., 2013b) , rosellinia necatrix victorivirus 1 (RnVV1) (Chiba et al., 2013a) , MyRV3 (Kanematsu et al., 2010) and fusarium graminearum virus 1 (Lee et al., 2011) . This study provides another such example.
The use of C. parasitica instead of R. necatrix for studies of virus-host and virus-virus interactions (Kondo et al., 2013) has several advantages. One, that we have taken in the present work, is the availability of mutants such as the RNA-silencing-defective strain, Ddcl-2 (Segers et al., 2007) . The two fungal strains, RNA-silencing-competent WT EP155 and RNA-silencing-defective Ddcl-2, showed different responses to RnMBV1 infection. RnMBV1 replicated at a much higher level (20-fold) in Ddcl-2 than in EP155 (Fig. 5) , as is the case for RnVV1 and RnPV2 (Chiba et al., 2013a, b) . This indicates that RNA silencing targets the megabirnavirus in C. parasitica. Viruses are known to deploy a counter-defence mechanism using RNA silencing suppressors (Burgyán & Havelda, 2011; Wu et al., 2010) . It remains unknown whether RnMBV1 encodes an RNA silencing suppressor. In this context, Kanematsu et al. (2014) have found RnMBV1 rearrangement events that occur occasionally after transfection. Molecular analysis of its variants has shown that dsRNA2, whilst dispensable for virus viability, is required for efficient replication and full transfer of hypovirulence to the natural host. This suggests that ORF3 may be associated with counter-host defence (RNA silencing) or involved directly in RnMBV1 replication. The same group has also shown that RNA silencing operates in R. necatrix . The comparable content of RnMBV1 genomic dsRNA in Ddcl-2 and in RNA-silencing-competent R. necatrix (Fig.  5a ) suggests that RnMBV1 is adapted better to the natural host than to the experimental host.
After transfection of C. parasitica, RnMBV1-RL2 emerged that harboured normal dsRNA1 and rearranged dsRNA2. Another mutant strain, RnMBV1-RS1, shown by Kanematsu et al. (2014) to occur in the natural host, contained normal dsRNA1 and a second segment with tandemly duplicated ORF2s, but lacked dsRNA2. RnMBV1-RS1 is impaired in its ability to confer hypovirulence to R. necatrix, whereas RnMBV1-RL2 is still able to confer hypovirulence to C. parasitica (Fig. 4) . These RnMBV1 variants, whilst distinct from each other, are maintained in the respective host strains relatively stably and thus provide a firm foundation for future functional studies.
As expected from the different accumulation levels, RnMBV1 induced distinct phenotypic alteration in the strains -only a mild alteration of colony morphology in the RNA-silencing-competent WT EP155 and a reduced growth rate with an irregular colony margin in Ddcl-2 ( Fig. 3) . Both infected fungal strains retained similar levels of sporulation (Table 1) relative to virus-free Ddcl-2 or EP155. This symptom expression remained stable phenotypically after horizontal and vertical transmission. It was surprising that RnMBV1 conferred hypovirulence to the C. parasitica WT strain, as in the case of Ddcl-2, in spite of the limited effects on colony morphology. Some mycoviruses for which artificial introduction protocols have been developed are reported to reduce virulence in heterologous fungi. For example, the prototype hypovirus CHV1, the best studied of the mycoviruses infecting filamentous fungi, has been shown to replicate in and confers hypovirulence to non-natural hosts within or outside the order Diaporthales (Chen et al., 1996; Sasaki et al., 2002) . Whilst there are increasing numbers of wellcharacterized R. necatrix viruses (Chiba et al., 2011 (Chiba et al., , 2013a Lin et al., 2012 Lin et al., , 2013 Sasaki et al., 2005) , only two are known to confer hypovirulence to the host: MyRV3 and RnMBV1 (Chiba et al., 2009; Kanematsu et al., 2004) .
MyRV3 is able to attenuate the virulence of experimental hosts such as Valsa ceratosperma, C. parasitica and Diaporthe spp. (Kanematsu et al., 2010) . Therefore, RnMBV1 is the second reported example of a heterologous virus that is able to attenuate the virulence of C. parasitica. It is of great interest that the same virus confers hypovirulence to two taxonomically distinct fungi. This may suggest that the virus interferes with the basic key regulatory pathway of host fungi involved in virulence.
Vertical transmission of mycoviruses is one of the key factors influencing their ecological fitness and this is also true for those infecting C. parasitica, spreading through conidia as well as sexual ascospores in nature (Anagnostakis, 1987) . This phenomenon is governed by multiple virus and host factors, and its rate depends on specific virus-host combinations. For example, in C. parasitica, CHV1-EP713 is transmitted through conidia at a rate of nearly 100 %, whereas MyRV1 is transmitted at a rate of~10 % (Eusebio-Cope et al., 2010; Suzuki et al., 2003) . Little is known about host factors involved in vertical transmission, although there are some reports about viral factors. A multifunctional protein p29 encoded by CHV1 is known to enhance replication and transmission of homologous and heterologous viruses (Sun et al., 2006; Suzuki et al., 2003) . MyRV1 lacking the S4 domain encoding a non-structural protein (VP4) shows impaired vertical transmission (Eusebio-Cope et al., 2010) . In the present study, an extremely low frequency of RnMBV1 transmission was observed regardless of host background or viral accumulation level. This suggests that the virus has low ecological fitness potential in this heterologous host. It is interesting to speculate that the low rate of vertical transmission is associated with the soil-borne nature of the natural host fungus, which extends in soil in the form of mycelial strands, and not spores, and rarely sporulates asexually (Nakamura et al., 2002) . Support for this speculation comes from the observation that other viruses of R. necatrix, such as RnVV1, MyRV3 and RnPV2, have considerably low transmission rates in C. parasitica (data not shown).
Using peptide mass fingerprinting, Chiba et al. (2009) showed that the major 135 kDa CP of RnMBV1 is encoded by ORF1. However, it remains unclear how the upstream ORF1, preceded by extremely long UTRs, and the downstream ORF2 are expressed. This study was able to provide a clue to the nature of the expression of the downstream ORF2 on dsRNA1. The observation that the minor 250 kDa protein reacted specifically with an antibody against ORF2-coded protein (Fig. 6b) indicates that the RdRp domain encoded by ORF2 is expressed as a CP fusion product. As described by Chiba et al. (2009) , the presence of the consensus slippery sequence and subsequent stem-loop/pseudo-knot structure implies that RnMBV1 RdRp is expressed via 21 frameshifting. It is considered that a ribosomal 21 frameshift is used by various fungal, plant and animal viruses. Several unassigned and/or unclassified RNA fungal and insect viruses are related phylogenetically to RnMBV1 and have similar ORF configurations to RnMBV1 dsRNA1. Examples include spissistilus festinus virus 1 and circulifer tenellusvirus 1 (Spear et al., 2010) of insect origin, phlebiopsis gigantea viruses 1 and 2 (Kozlakidis et al., 2009 ), fusarium graminearum virus 3 (Yu et al., 2009) , and fusarium virguliforme RNA viruses 1 and 2 (Marvelli et al., 2014) of fungal origin, and Phytophthora infestans RNA virus 3 of oomycetes (kingdom Chromalveolata) (Cai et al., 2013) . All of these viruses have undivided genome segments with two ORF structures and, unlike RnMBV1, are assumed not to form particles. On the basis of their sequences, their downstream ORFs are predicted to be translated via 21 frameshifting. However, no RdRp product has yet been identified for these viruses. RnMBV1 is the first of these viruses for which the RdRp has been shown to be translated as a CP fusion protein. In this regard, RnMBV1 dsRNA1 is similar in genetic organization to some members of the family Totiviridae, such as totiviruses and giardiaviruses (Ghabrial, 2008; Wickner et al., 2011) , although it is phylogenetically more distant from the above viruses. Effects of mutations in the slippery sequence on 21 frameshifting and satellite RNA replication have been reported for the prototype totivirus, saccharomyces cerevisiae virus L-A (Dinman et al., 1991; Dinman & Wickner, 1992) .
The identity of the mature proteins of ORF3 is still unclear. As shown in Fig. 6(d) , the 150, 30 and 23 kDa products were detectable specifically in RnMBV1-infected C. parasitica cells. On the basis of its coding capacity, it seems likely that the 150 kDa protein is the full-length product encoded by ORF3. The smaller products observed in this study may be derived from the N-and/or C-terminal portions after programmed catalytic cleavage or sitespecific degradation. This notion is based on the fact that the antiserum used in this study was directed against the N-and C-terminal portions of the ORF3 product (Figs 1  and S4 ). However, further investigation is required to establish the product assignment for ORF3.
METHODS
Fungal and virus strains. All fungal and viral strains used in this study are shown in Table S1 . RnMBV1-W779 is a WT field strain described previously (Chiba et al., 2009 ). The WT virus-free strain EP155 and an RNA-silencing-defective dcl-2 knockout mutant (Ddcl-2) (Segers et al., 2007) of C. parasitica, a generous gift from Dr Donald L. Nuss, served as the recipient of the virus. Fungal strains generated after transfection and hyphal anastomosis (lateral virus transmission), respectively, carried RnMBV1-W779. Fungal strains were grown at 25-27 uC for 5-7 days in either Difco potato dextrose broth (PDB) for RNA extraction and spheroplast preparations, or Difco potato dextrose agar (PDA) or Vogel's medium (Vogel, 1956) for pre-culture and phenotypic observation. (1990) . Fungal strains were cultured on PDA plates (60 mm diameter) for 14 days, the first 4 days on the benchtop and the last 10 days under moderate light of~3000 lx using a 16 h photoperiod. Asexual spores liberated in 6 ml 0.15 % Tween 20 were counted. Virulence levels were measured in apples (cv. Jonagold) as the areas of lesions induced by fungal strains, as described by .
Transmission assay. Vertical transmission through asexual spores was evaluated as described by Eusebio-Cope et al. (2010) . Spore suspensions prepared as above were plated onto PDA, incubated at 24-26 uC for 2 days and the germinated spores were transferred onto new PDA. Approximately 10 single-spore germlings were grown on a PDA plate (9 cm diameter) (Sun et al., 2006) . Two weeks after inoculation on PDA, virus-infected Ddcl-2 colonies were identified visually and scored. To corroborate this visual estimate, dsRNA was recovered from single-spore isolates showing a virus-infected phenotype. Determination of transmission rates for RnMBV1 in EP155 was done by Northern blotting and RT-PCR of mRNA, because virus-infected colonies showed a phenotype distinct from, but similar to, virus-free colonies and a low level of viral dsRNA. ssRNA fractions were bulked from three single-spore germlings and subjected to Northern blotting. When bulked samples tested positive, individual isolates were examined by RT-PCR. Horizontal transmission through hyphal contact was performed as described by Chiba et al. (2013b) . The virus-infected donor strains were cultured with a virus-free recipient strain at a distance of 1 cm on a PDA plate and incubated at 24-26 uC. After 2 weeks of hyphal contact, mycelial plugs were taken from different places on the recipient side and subcultured into PDB for 7 days for RNA preparation.
RNA preparation and Northern blot analysis. Total RNA was prepared from the mycelia of fungal strains cultured in 20 ml PDB or on PDA-cellophane (for small-scale preparation) in which DNA was digested by RQ1 DNase I (Promega) in the presence of an RNase inhibitor (40 U; Toyobo) for 1 h at 37 uC (Eusebio-Cope et al., 2010). The final concentration of the total RNA suspended in sterile distilled water was adjusted to an OD 260 value of 27 and analysed by agarose gel electrophoresis. The dsRNA fractions were obtained from IP: 54.70.40.11
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total RNA, which had not been treated with nucleases but had been subjected to CC41-mediated column chromatography (Eusebio-Cope et al., 2010) . For ssRNA preparation, lithium chloride precipitation was performed instead of ethanol precipitation.
For Northern blot analysis, ssRNA was denatured in 16 MOPS buffer containing 3.7 % formaldehyde and 42.5 % formamide at 65 uC for 15 min, and electrophoresed in a 1.4 % agarose gel under denaturing conditions. The separated RNA was capillary transferred onto a Hybond-N+ nylon membrane (Amersham Biosciences). The membrane was treated with DIG-11-dUTP-labelled DNA probes amplified from cDNA by PCR (Roche Diagnostics). Pre-hybridization, hybridization and detection of hybridization signals were performed as described by Suzuki et al. (2003) .
RT-PCR, sequencing, full-length viral cDNA cloning and in vitro transcription. RT-PCR was performed as described by Suzuki et al. (2004) . The dsRNA fraction prepared from a mini-scale culture was denatured in the presence of DMSO (Asamizu et al., 1985) . Reverse transcription and subsequent PCR involved RnMBV1-specific deoxyoligonucleotide as primers. Amplified DNA fragments were sequenced directly or indirectly after being cloned into pGEM T-easy (Promega). Three or four RT-PCRs were set to amplify DNA fragments spanning the 59-terminal, central and 39-terminal portions of the RnMBV1 dsRNA1 or dsRNA2, respectively. The fragments collectively covering the entire segments were assembled into full-length cDNA clones of the RnMBV1 genome segments in pUC19 (pMBV1-1 and pMBV1-2) to which the T7 RNA polymerase promoter was added at the 59 termini of the cDNAs. The plasmids were linearized by NotI and trimmed subsequently with S1 nuclease, followed by in vitro transcription using a RiboMax Kit (Promega). Information on the primers used in this study is available upon request.
Western blotting. Recombinant proteins encoded by RnMBV1 ORF1 and ORF3 were expressed in truncated form in E. coli strain BL21 as described by Suzuki et al. (1996) . The N-and C-terminal portions from the OFR1-encoded CP (aa 1-367 and 891-1240, Fig. 1 ) and ORF3encoded large protein (aa 1-397 and 1080-1426, Fig. 1 ) were fused with glutathione S-transferase and expressed using the expression vector pGEX-6P-1 (Promega). The N-and C-terminal portions of OFR2coded RdRp (aa 1-381 and 764-1111, Fig. 1 ) were expressed as fusion proteins with maltose-binding protein using pMAL-c2X (New England Biolabs) ( Fig. S4 ). Recombinant proteins were purified according to the manufacturer's instructions and used as antigens in rabbits. Western blotting was performed as described by Sun and Suzuki (2008) . Total protein fractions were analysed by 10 % SDS-PAGE, electrotransferred to a nitrocellulose PVDF membrane (Bio-Rad) and then detected by an immuno-enzymic colour development method (Suzuki et al., 1996) or using an ECL Plus system (GE Healthcare). To reduce non-specific reactions, antisera were pre-absorbed with acetone powdered mycelial (virus-free) homogenates.
